Background: surfactant dysfunction may contribute to the development of bronchopulmonary dysplasia (BPD) in persistently ventilated preterm infants. We conducted a multicenter randomized, blinded, pilot study to assess the safety and efficacy of late administration of doses of a surfactant protein-B (sP-B)-containing surfactant (calfactant) in combination with prolonged inhaled nitric oxide (iNO) in infants ≤1,000 g birth weight (BW). Methods: We randomized 85 preterm infants ventilated at 7-14 d after birth to receive either late administration of surfactant (up to 5 doses) plus prolonged iNO or iNO alone. Large aggregate surfactant was isolated from daily tracheal aspirates (Tas) for measurement of sP-B content, total protein, and phospholipid (PL). results: Late administration of surfactant had minimal acute adverse effects. clinical status as well as surfactant recovery and sP-B content in tracheal aspirate were transiently improved as compared to the controls; these effects waned after 1 d. The change in sP-B content with surfactant dosing was positively correlated with sP-B levels during treatment (r = 0.50, P = 0.02). conclusion: Low sP-B values increased with calfactant administration, but the relationship of this response to sP-B levels suggests that degradation is a contributing mechanism for sP-B deficiency and surfactant dysfunction. We conclude that late therapy with surfactant in combination with iNO is safe and transiently increases surfactant sP-B content, possibly leading to improved short-and long-term respiratory outcomes.
P
rolonged mechanical ventilation and bronchopulmonary dysplasia (BPD), a common morbidity of extreme prematurity, are important contributors to adverse outcomes in extremely premature newborns (1) (2) (3) . Several pharmacologic therapies, including those involving the administration of vitamin A and caffeine, have demonstrated efficacy in the prevention of BPD (4, 5) . We have previously demonstrated an improvement in survival without BPD in newborns after prolonged administration of inhaled nitric oxide (iNO), the most pronounced beneficial effects being in infants enrolled at 7-14 d after birth (6, 7) . There was a concomitant decrease in the duration of assisted ventilation and pulmonary morbidity at 1 y in these infants (8, 9) . BPD is of multifactorial origin, however, and substantial morbidity remains even after iNO treatment (8, 10) . There is therefore a need for new therapeutic approaches and combination therapies to prevent the disorder.
We have previously described surfactant dysfunction (defined as elevation in the values of minimum surface tension in vitro) in high proportions (43-76%) of preterm infants who remain intubated and ventilated at 1-2 wk of age (11) (12) (13) . Infants are twice as likely to develop surfactant dysfunction during episodes of respiratory deterioration or infection, and higher minimum surface tension is directly correlated with an index of lung disease severity (the respiratory severity score expressed as: RSS = mean airway pressure × concentration of inspired oxygen) (11, 12) . In these ventilated preterm infants, elevated minimum surface tension as measured in tracheal aspirates (TAs) was associated with altered lipid composition, lower total protein in the surfactant fraction, and markedly lower content of surfactant proteins (SPs) B and C. SP-B content had the strongest correlation with surface tension and was inversely related (11) . Similar findings relating SP-B content to surfactant dysfunction have been described in acute lung injury, thereby supporting the validity of using SP-B content as an indicator of surfactant function (14) .
We as well as others have described transient improvements in respiratory status, including a decrease in RSS, with later administration (after initial treatment of respiratory distress syndrome) of an SP-B-containing surfactant (13, (15) (16) (17) . In our previous open-label pilot study of late surfactant (calfactant) administration, we treated high-risk preterm infants with 2 or 3 doses of surfactant. There was a nonsignificant increase in the proportion of without BPD survivors when we increased the number of late doses (36.6 vs. 19 .5%) (13) .
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In a previous study, we had found only transient improvement in surfactant function with iNO therapy; we therefore hypothesized that iNO improves respiratory outcomes in high-risk preterm infants through other mechanisms (12) . Consequently, in our current study, we sought to examine the potential benefit of combined therapy involving iNO along with up to 5 doses of surfactant. We conducted a randomized, masked, pilot study in extremely low birth weight (BW) infants to quantify the effects of later administration of surfactant on SP-B content in these high-risk ventilated infants receiving iNO for prevention of BPD (6, 7) . We hypothesized that late doses of an SP-Bcontaining surfactant (calfactant, Infasurf, ONY, Amherst, NY) would increase the SP-B content (as measured in TAs) in the treated infants, and would be safe and well tolerated. We also hypothesized that surfactant treatment would increase the delivery of iNO (as measured by change in excretion levels of urinary NO metabolites), given its beneficial effects on alveolar recruitment.
RESULTS

Study Population, and Safety and Tolerability of Surfactant Dosing
A total of 437 infants who met the study's gestational age (GA) and BW criteria were admitted to study hospitals and screened for enrollment. Of these, 59% were alive and ventilated in study hospitals between day of life 7 and 14. Of 188 eligible infants without exclusion criteria, 85 were enrolled and randomized (Figure 1 ) with 43 in the Surfactant arm of the study and 42 in the Control arm (iNO-alone). The characteristics of the enrolled infants are shown by treatment group ( Table 1) . The two groups were well matched except that the Surfactant treatment group had a significantly greater proportion of infants with GA <26 wk and also a significantly greater proportion of male infants.
Overall, late dosing with surfactant was well tolerated. A total of 201 doses of surfactant were administered to the 43 infants enrolled in the Surfactant group during the entire study (median, 5 doses per infant). Adverse events (bradycardia, need for reintubation, and respiratory decompensation) were associated with ≤ 2% of the administered doses ( Table 2) , and there were no adverse events in the Control infants. We also examined co-morbidities of prematurity, to determine whether there were any potential additional effects of late dosing of surfactant. There were no significant differences in the Surfactant arm vs. the Control arm as regards rates of culture-positive sepsis (37 vs. 43%), necrotizing enterocolitis (14 vs. 10%), severe intraventricular hemorrhage or periventricular leukomalacia (14 vs. 10%), and retinopathy of prematurity requiring surgery (21 vs. 33%). After enrollment, there was a trend toward more frequent treatment for patent ductus arteriosus in the Surfactant group as compared to the Control group (49 vs. 32%, P = 0.14). After adjustment for GA and sex, the treatment effect remained nonsignificant. There 
Clinical Response to Surfactant Treatment
We evaluated the clinical response to surfactant treatment at 1, 2, 24, and 48 h after study drug dosing by comparing Surfactant and Control groups with respect to absolute changes in RSS relative to the pre-dose values. Only infants who remained intubated and ventilated received study drug doses. Mixed linear effects models were adjusted for study drug dose number (dose 1-5). There was no significant interaction between treatment and dose number. Surfactant treatment resulted in modest significant decreases in RSS at 1 h and 2 h after the study drug dose; differences at 24 and 48 h were no longer statistically significant (mean RSS differences: −0.25, P = 0.03 at 1 h; −0.33, P = 0.01 at 2 h; −0.24, P = 0.16 at 24 h; −0.33, P = 0.12 at 48 h; n = 369 study dose procedures). At a postmenstrual age (PMA) of 36 wk, 37% (16/43) of the infants in the Surfactant group and 33% (14/42) of those in the Control group were alive without BPD (relative risk 1.14, 95% confidence interval 0.62, 2.10). Adjustment for GA and sex yielded no changes in the estimates of treatment effect (data not shown).
Effects of Late Administration of Surfactant on Surfactant Parameters
We focused our analysis on data relating to surfactant parameters from daily TA sample collection. Surfactant recovery and composition values before study drug dosing are presented in Table 3 . Although none of the differences between the Surfactant and Control groups was statistically significant, there were trends toward a more abnormal surfactant profile at baseline in surfactant-treated infants, characterized by lower surfactant recovery, higher levels of total protein in surfactant, and lower SP-B content. Of note, at baseline, total protein in the surfactant fraction had a moderate inverse correlation with BW (r = −0.35, P = 0.02) and a positive correlation with RSS (r = 0.34, P = 0.02), suggesting that increased alveolar protein impacts severity of lung disease.
We evaluated the changes in surfactant characteristics in response to study drug dosing in terms of the absolute change from baseline, and compared the responses in surfactant-treated Articles Keller et al.
infants with those in the Controls (Figure 2) . We found a significant improvement in surfactant recovery (Figure 2a ) and an increase in SP-B content (Figure 2c,d ) with surfactant treatment at day 1 after study drug dosing, with waning, nonsignificant differences on day 2, and minimal differences on day 3. There was also a favorable decrease in total protein in the surfactant fraction with treatment (Figure 2b) , which was not statistically significant (P = 0.13). Furthermore, we investigated the variability observed in SP-B content levels after surfactant administration (range:−1.2 to +3.5% in treated infants). There was a moderately strong linear correlation between the mean levels of SP-B content (normalized to total protein in surfactant) at day 1 after surfactant dosing and the mean levels on other days during treatment (r = 0.50, P = 0.02, Figure 3a) , suggesting that changes in SP-B content with surfactant dosing are dependent on SP-B levels. In contrast, there was no relationship between the change in SP-B content at day 1 after surfactant dosing and surfactant recovery on other days during treatment. That is, the increment in SP-B content after surfactant dosing was independent of surfactant recovery (r = 0.05, P = 0.83, Figure 3b ). We hypothesized that late treatment with surfactant might increase iNO delivery secondary to improved alveolar recruitment. However, we saw no effect of surfactant treatment on urinary excretion of NO metabolites (NOx) or on cyclic guanosine monophosphate at iNO doses of 10-20 ppm. The following are the data, expressed as median and range, n = 16-17 per group, for the Surfactant and Control arms, respectively: the multiple of increase in the ratio of NOx to creatinine relative to baseline value was 3.1 (1.2-9.4) vs. 3.3 (1.0-9.4), P = 0.81, and the multiple of increase in the ratio of cyclic guanosine monophosphate to creatinine relative to baseline value was 2.8 (0.3-8.3) vs. 1.9 (0.6-11.1), P = 0.34.
DISCUSSION
In this randomized, blinded, controlled, pilot study, we have demonstrated that late administration of an SP-B-containing surfactant transiently increases SP-B content in the lung aspirates in treated infants as compared to controls. Respiratory status, as assessed in terms of RSS, was also improved; however, both biochemical and clinical effects waned by day 2 after surfactant dosing. Late dosing of surfactant was well tolerated, and there was no evidence of adverse effects as regards the incidence of neonatal comorbidities of prematurity or of mortality.
This study was designed to take advantage of the transient effects observed in our previous open-label study of late administration of surfactant, wherein infants received 2 or 3 doses of calfactant (13) . We hoped to augment the clinical response to surfactant treatment by administering up to 5 doses of surfactant. As we had previously increased the number of doses from 2 to 3, we subsequently decreased the dosing interval to 3 d in this study. However, we found that this dosing interval was in fact insufficient to ensure persistent restoration of adequate SP-B levels (and therefore surfactant function) among preterm infants with acquired surfactant dysfunction. Although the acute effect we demonstrated on RSS was modest, it was similar to that observed in our earlier pilot study and the experience reported by Katz and Klein (13, 15) . Bissinger described a more pronounced improvement in RSS with late administration of surfactant when it was carried out during an acute respiratory decompensation (16) . It is not surprising that the response to replacement surfactant during an acute deterioration would be greater than the effect in chronically ventilated infants who are free of acute decompensation. These findings are consistent with those from experimental studies in chronically ventilated preterm lambs, which had a greater amount of water in the lungs as compared with controls, and showed further increases in fluid and protein during episodes of acute infection (consistent with worsening pulmonary edema) (18) .
We found that late administration of surfactant doses increased surfactant recovery and SP-B content, regardless of whether SP-B was normalized either to phospholipid (PL) or to total protein in surfactant. However, as noted, this effect was transient. An additional interesting finding lends insight into the mechanism of acquired surfactant deficiency in ventilated extremely low BW infants. We expected that the incremental increases in SP-B at day 1 after treatment would be equal, regardless of SP-B levels. However, we found instead that the change in SP-B content with dosing was dependent on mean SP-B content levels, whereas SP-B content was not related to Articles SP-B and late surfactant therapy surfactant recovery during treatment. These data are consistent with a faster rate of SP-B turnover as a contributor to low SP-B in these infants, suggesting that additional proteins in the surfactant fraction could be impairing surfactant function through SP-B degradation. In contrast, on the basis of surfactant recovery, there was no indication of faster PL turnover associated with low SP-B increase after treatment. Although specific degradation pathways for SP-B have not been identified, imbalances between proteases and their inhibitors are noted in the ventilated immature lung in experimental models (19) . This situation may be analogous to specific changes in the surfactant lipid profile mediated by elevated phospholipase A 2 activity after oleic acid-induced lung injury in rodents (20) . Another consideration is that the biophysical interaction between SP-B and surfactant lipids, which determines lipid organization and surface activity, is influenced by both the concentration of peptide and composition of the lipids (21) . Alterations in surfactant lipid composition occur in newborn premature infants who have surfactant deficiency (22) as well as in those with later-acquired dysfunction, as we describe in this study (11) . It is therefore likely that variability in the response to late therapy with surfactant depends on both the level of SP-B (which is determined by synthetic and clearance rates) and the lipid composition of endogenous surfactant. It was also interesting to note that total protein in the surfactant fraction fell with surfactant treatment (albeit not to a statistically significant extent), suggesting that there was an amelioration of pulmonary edema or epithelial injury and sloughing with surfactant therapy. Pulmonary edema has been described in chronically ventilated preterm lambs (18) ; it occurs in experimental SP-B deficiency and is associated with increase alveolar protein levels (23) . However, the relationship between alveolar protein content and surfactant is variable per data from animal studies. In the setting of high tidal volume ventilation in rodents, the increase in total lavage protein was associated with decreased surfactant function, despite increase in surfactant levels (24) . Other studies of various forms of augmented surfactant administration have shown anti-inflammatory effects but no differences in total aspirate protein levels (25, 26) . In our previous open-label study of the effects of calfactant administration, late administration surfactant had no sustained effect on inflammatory mediators in lung aspirate fluid (13) . However, in that study, we did not collect daily tracheal aspirate samples during dosing and we had no control group to assess the effects of surfactant administration on the inflammatory profile in chronically ventilated infants.
Pathophysiologic factors that probably contribute to the development of BPD include lung injury secondary to hyperoxia, barotrauma from mechanical ventilation, and atelectasis (18, 27, 28) . Given the multifactorial nature of BPD, a dosing regimen that failed to achieve persistent maintenance of SP-B content, and the smallness of our sample for this feasibility study, we were not surprised to observe only a modest, nonsignificant effect on clinical outcome in the infants at PMA of 36 wk. To compare these outcomes with those of infants enrolled in our previous iNO-only study (nitric oxide for the prevention of chronic lung disease), we extracted unpublished outcome data relating to infants who were similar to those enrolled in this pilot study (BW ≤1,000 g, intubated at the time of study enrollment, and having study treatment initiated at day of life 7-14) (6,7). There were 92 infants meeting these criteria in the iNO group and 97 infants in the placebo group; these represented only onethird of the total study enrollment. At a PMA of 36 wk, 46% of the iNO-treated infants and 25% of the placebo-treated infants had survived and without a diagnosis of BPD. Although our outcomes in our study approached those of iNO-treated infants in nitric oxide for the prevention of chronic lung disease, due to the multifactorial nature of BPD, we had hoped to improve upon these outcomes with combination therapy. Data from our various studies have suggested that there has been an evolution in this patient population. In our earlier (1997-2001) descriptive study, 47% of the infants had surfactant dysfunction (11) . The prevalence of surfactant dysfunction in a subset of infants enrolled in the nitric oxide for the prevention of chronic lung disease study (2000) (2001) (2002) (2003) (2004) (2005) was only 43%, whereas it was 76% in our later surfactant study (2004) (2005) (2006) (2007) (12, 13) . In the earlier descriptive study, SP-B content averaged 0.98% PL with normal surface tension and 0.20% PL with abnormal surface tension (11) , whereas in this later study, SP-B content at baseline trended even lower than in our previous open-label study: median values were 0.23% PL and 0.30% PL in the Surfactant and Control arms, respectively (Table 3) , as compared to 0.34% PL in our recent open-label study (13) . These differences may reflect trends toward increasing use of non-invasive ventilation in neonatal intensive care, which could have an impact on the characteristics of infants who remain intubated at day of life 7-14 (29) . In two additional cohorts of extremely preterm infants born between the years 2000 and 2004, mechanical ventilation at days 7-14 was an important and independent risk factor for the development of BPD (30, 31) . Although the level of SP-B required to prevent BPD is not known, experimental models of SP-B deficiency demonstrate that, although lung dysfunction is attenuated when SP-B is restored to ~30% of control levels, normal surface tension is not restored until SP-B content returns to normal (23) .
In this pilot study, we did not assess the later effects of late treatment with surfactant on pulmonary morbidity, an important finding of the impact of iNO in the nitric oxide for the prevention of chronic lung disease study, even in the subsets of infants who showed less evidence of treatment benefit at a PMA of 36 wk (6) (7) (8) . Other studies have demonstrated decreased morbidity at later follow-up, despite there having been no significant benefit at a PMA of 36 wk (32). Our study found that the safety profile of late administration of calfactant was reassuring. When compared with data from a similar trial of lucinactant administration, bradycardia episodes were less frequent in our study; however, the threshold for reporting such instances was somewhat lower in our study (<80 bpm with a duration of at least 60 s) (17) .
The change in urinary excretion of NOx from baseline of 10-20 ppm in the iNO group was similar in magnitude to changes in plasma NOx that we have previously reported at these iNO doses (33) . We had not previously reported changes in cyclic guanosine monophosphate. These demonstrated a Articles Keller et al.
similar effect size to that of NOx, indicating the biological activity of iNO in this patient population. We hypothesized that we might see improved iNO delivery and biological activity with late administration of surfactant, through recruitment of additional lung surface area. However, any differences that might have occurred were not detectable with our sampling scheme, which coincided with the timing of our late dosing of surfactant.
In conclusion, in this pilot study we found that a dosing interval of 3 d was insufficient to restore and maintain adequate SP-B levels. These data suggest that a more appropriate dosing interval for late administration of surfactant would be 1-2 d. Although the continuous effects of late administration of surfactant may not be a prerequisite for long-term benefit, the additive effects of recurrent dosing at these shortened dosing intervals, with the resultant improvements in lung function, could allow for more rapid weaning from mechanical ventilation, leading to improved pulmonary outcomes, both short-term and long-term. We are studying this modified regimen in an ongoing trial powered to identify an improvement in the rate of BPD at a PMA of 36 wk in extremely low GA newborns. We intend to follow up the pulmonary and developmental outcomes in these infants up to 2 y of corrected age (NCT01022580).
METHODS
Enrollment and Study Population
The study was undertaken in nine hospitals having tertiary care intensive care nurseries in seven cities in the United States between January 2008 and October 2009. Written, informed consent was obtained from the families of all the participating infants, and all research activities were overseen by local institutional review boards (University of California, San Francisco (lead center), Alta Bates Medical Center, Children's Hospital of Oakland Research Institute, Children's Memorial Hospital, Children's Mercy Hospital, Northwestern Hospital, Stony Brook University Medical Center, Texas Children's Hospital, and Women's and Children's Hospital of Buffalo). The study was registered at ClincalTrials.gov (NCT00569530). Eligible infants were those with BW ≤1,000 g and GA ≤ 30 0/7 wk who remained intubated and ventilated at day of life 7-14. The exclusion criteria were active pulmonary hemorrhage or air leak (pneumothorax requiring thoracostomy tube drainage or severe pulmonary interstitial emphysema), bilateral grade IV intraventricular hemorrhage, life expectancy <7 d, serious congenital malformations, prior treatment with iNO, or surfactant treatment within 48 h of enrollment.
Study Protocol
The infants were randomized in the investigational pharmacy to either combination treatment with iNO and calfactant (Surfactant arm), or iNO alone (Control arm). Infants who were products of multiple gestation were randomized together (effectively, the mother was randomized), given the usual parental preference for the siblings to be in the same treatment group. Randomization was stratified by study hospital only, without considering BW strata. All infants were treated with iNO per the regimen previously described (6,7): 20 ppm × 3-4 d, weaned to 10 ppm × 7 d, 5 ppm × 7 d, 2 ppm × 7 d, and then weaned off. Infants who were extubated also completed the same iNO schedule with nasal cannula flow maintained at ≥1 l/min. To maintain blinding, study drug dosing (calfactant or sham) was undertaken behind a bedside screen, with clinical staff away from the bedside and all monitors silenced. Two research dosing staff attended the infant, and the screen remained in place for at least 20 min regardless of whether surfactant was administered or not. Infants assigned to surfactant treatment (iNO and calfactant) were treated with the standard calfactant dose of 3 ml/kg through an endotracheal tube. Infants randomized to iNO alone (Controls) had minimal intervention, consisting of placement of the in-line surfactant dosing catheter or no manipulation at all, depending on local institutional review boards guidance.
Study drug doses were initially timed to coincide with the iNO weaning schedule: study day 0, study days 3-4, and then weekly, up to 5 doses if the infant remained intubated ("Weekly dosing"; n = 30 enrolled, 14 Surfactant, 16 Control). After further analysis of lung aspirates from our previous open-label study of calfactant (13) , the dosing interval was shortened to 3 ± 1 d, with a maximum of 5 doses ("3-d dosing"; n = 55 enrolled, 29 Surfactant, 26 Control). TA samples were initially collected only immediately before study drug dosing. The sample collection schedule was modified during the "3-d dosing" protocol to allow for a better understanding of SP-B kinetics, with daily TA collection for the first 10 d of the study.
Urine samples were collected by extraction from cotton balls placed in the diaper prior to iNO initiation (if possible), and on days of study procedures. Any sample potentially contaminated by stool was discarded. NOx (nitrates + nitrites, pmol/ml) were measured using chemiluminescence (NOA 280, Sievers Instruments, Boulder CO), and cyclic guanosine monophosphate was determined by means of enzyme-linked immunosorbent assay (Cayman Chemical, Ann Arbor MI).
Clinical data were collected, including perinatal demographic characteristics, daily respiratory support (to calculate RSS), comorbidities of prematurity, and status at PMA of 36 wk and at the time of discharge from the hospital. The diagnosis of BPD was determined at a PMA of 36 ± 1 wk by evaluation of clinical status and a physiologic challenge of oxygen and flow reduction for infants receiving effective inspired oxygen concentration (fraction of inspired oxygen concentration) ≤ 0.30 without assisted ventilation (34) .
Processing of Tracheal Aspirate and Measurement of Surfactant Parameters
Lung aspirate fluid was collected by means of routine suctioning of the endotracheal tube. Specimens were collected after instillation of 0.5 ml saline via the endotracheal tube, followed by a brief period of ventilation before suctioning to recover the saline along with a sample of lung epithelial lining fluid. This procedure was repeated and the collection apparatus was cleared with saline to standardize the volume of the collected TA sample. Infants who did not tolerate saline instillation underwent the procedure without this step, if secretions could be effectively cleared. The TA sample was stored on ice and immediately processed, or refrigerated (4˚ C) if processing could not be undertaken immediately. TA processing consisted of a high-speed (3,000 rpm × 5 min) centrifugation to isolate the large aggregate surfactant pellet, followed by freezing of supernatant and pellet after removal of any frank mucous.
Surfactant and supernatant fractions were assayed. The total PL content of surfactant was measured by lipid extraction and phosphorus assay (35, 36) . Total protein in supernatant and surfactant were quantified using the Bradford method. SP-B was assayed by immuno-dot, with Infasurf (0.74% of PL) as standard (37) . The results are presented as follows: surfactant recovery is expressed as PL per total protein in supernatant (µg/µg), the total protein in surfactant fraction (%) is normalized to PL content of surfactant, and the SP-B content is expressed as a percentage using two denominators: PL and total protein in the surfactant fraction.
Statistical Analyses
This study was designed to assess the biochemical end point of increased lung aspirate SP-B content in infants treated with late administration of surfactant, as compared with the control group. Given the non-normal distribution, these changes were assessed using non-parametric methods. Other univariate analyses utilized standard χ-square tests, t-tests, and correlations, as appropriate. Clinical outcomes of effect size were analyzed using generalized estimating equations to account for treatment clustered by siblings, and mixed linear effects models were used to assess RSS response to study dose procedures.
